Phenology-the timing of biological events-is highly sensitive to climate change. However, our general understanding of how phenology responds to climate change is based almost solely on incomplete assessments of phenology (such as first date of flowering) rather than on entire phenological distributions. Using a uniquely comprehensive 39-y flowering phenology dataset from the Colorado Rocky Mountains that contains more than 2 million flower counts, we reveal a diversity of species-level phenological shifts that bring into question the accuracy of previous estimates of long-term phenological change. For 60 species, we show that first, peak, and last flowering rarely shift uniformly and instead usually shift independently of one another, resulting in a diversity of phenological changes through time. Shifts in the timing of first flowering on average overestimate the magnitude of shifts in the timing of peak flowering, fail to predict shifts in the timing of last flowering, and underrepresent the number of species changing phenology in this plant community. Ultimately, this diversity of species-level phenological shifts contributes to altered coflowering patterns within the community, a redistribution of floral abundance across the season, and an expansion of the flowering season by more than I mo during the course of our study period. These results demonstrate the substantial reshaping of ecological communities that can be attributed to shifts in phenology.
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growing season | no-analogue community | phenological mismatch | phenology curve | species interactions P henology, the timing of biological events, is intimately tied to the reproduction and survival of organisms (1) . Phenological events generally are occurring earlier in temperate environments in accordance with climate change, although several recent studies have emphasized species-specificity in the direction and magnitude of change (2) (3) (4) (5) . The great majority of these longterm datasets contain a single measure of phenology for individual species, most often the first day on which a biological event is observed (i.e., "phenological firsts" such as first flowering) (Fig. 1A) . In addition to phenological firsts, basic components of an entire phenological response include the timing of the ending of a biological event and details of intermediate stages, such as the timing and magnitude of peak abundance or activity (Fig. 1A) . Given that phenological firsts represent the early tail of a population-level response, most assessments of phenological change to date may provide an incomplete view of the magnitude of change, the number of responsive species, and how species-level shifts contribute to change at higher levels of biological organization.
We have amassed a unique long-term record of flowering phenology that allows us to investigate complete phenological responses for a plant community. Over a 39-y period (1974-2012), we have sampled a montane site (2,900 m elevation) in Colorado, USA, counting the total number of flowers of 121 plant species across a series of permanent plots approximately every other day throughout the entire growing season [a map of the 30 permanent 2 × 2 m plots and description of the study site are published elsewhere (6, 7) ]. Because flowering phenology is shaped by the abiotic environment as well as biotic interactions-plant-plant competition, attraction of mutualists, and avoidance of antagonists-changes in flowering phenology have broad implications for ecological interactions and their evolutionary consequences, including those among plants and with higher trophic levels (8). Here we report on 60 common plant species representative of the meadow communities at our site [mostly perennial herbs, excluding less-common species for which data are insufficient (9, 10) ]. This portion of the phenology census yields more than 2 million flower counts from which we can assess (i) multiple aspects of changes in flowering phenology for individual species, (ii) how accurately shifts in first flowering predict shifts in peak and last flowering, and (iii) how speciesspecific shifts in first, peak, and last flowering, as well as changes in floral abundance, contribute to altered patterns of interaction potential among species and changes in community-level distribution of flowers across the season.
Results and Discussion
Here we focus on changes in flowering phenology that have occurred over our 39-y record, a timeframe during which summer air temperatures increased by 0.4 ± 0.1°C per decade (June-August mean air temperature: R 2 = 0.32, P = 0.0002) and the date of spring snowmelt advanced by 3.5 ± 2.0 d per decade (R 2 = 0.07, P = 0.10) (10). Both temperature and the timing of snowmelt are strongly associated with shifts in flowering phenology in this study system (6, 7, (11) (12) (13) , independently Significance Seasonal timing of biological events, phenology, is one of the strongest bioindicators of climate change. Our general understanding of phenological responses to climate change is based almost solely on the first day on which an event is observed, limiting our understanding of how ecological communities may be responding as a whole. Using a unique long-term record of flowering phenology from Colorado, we find that the number of species changing their flowering times likely has been underestimated and the magnitude of phenological change overestimated. In addition to earlier first flowering, we document a diverse assortment of other changes, such as delayed last flowering, as temperatures warm. This variety of species-level phenological shifts has ultimately reshaped various temporal components of the plant community. explaining on average 66% and 68% of the interannual variation in flowering phenology, respectively (10) .
We find striking diversity in the phenological shifts of individual plant species through time. First flowering on average advanced by 3.3 ± 0.24 d per decade, peak flowering by 2.5 ± 0.20 d per decade, and last flowering by 1.5 ± 0.42 d per decade; significant shifts were observed in 50%, 38%, and 30% of species' first, peak, and last flowering, respectively, and some form of change occurred in 68% of species (41/60). Thus, basing assessments of phenological change on a single measure of phenology underestimated the number of responsive species by 18-38%, depending on the measure (first, peak, or last flowering) used. Many species exhibit inconsistent shifts in first, peak, and last flowering (Fig. 2) , resulting in changes in flowering duration for 27% of species (Table S1 ). Of all of the species exhibiting a significant change in flowering, only 17% (7/41) shifted all aspects of their phenology uniformly forward through time, as indicated by significant temporal advancements in first, peak, and last flowering (Figs. 1B and 2 ). In contrast, 56% (23/41) of these species showed earlier first flowering in combination with disparate changes in peak and last flowering (Figs. 1C and 2) . Finally, 27% (11/41) first flowering (Figs. 1D and 2), indicating that classifications of species as responsive or nonresponsive based on phenological firsts can be inaccurate. Intraspecific variation in phenological sensitivity to changing abiotic conditions likely accounts for these independent shifts in first, peak, and last flowering at the population level. For example, the population-level pattern in Fig Our results demonstrate a more nuanced type of species specificity than has been shown before. Observing this diversity of population-level responses dispels the overly simplistic notion that species' composite phenologies are advancing, delaying, or not changing through time (Fig. 1 ). The probability of detecting phenological shifts in long-term data can be affected by changes in abundance (14) . Indeed, one benefit of collecting abundance-based phenological data is the ability to examine evidence for biases in estimates of phenological shifts. For example, if a species' floral abundance is increasing through time, its flowers are more likely to be observed both earlier and later in the season simply because there are more flowers to observe. Thus, apparent advances in first flowering and delays in last flowering potentially could reflect increased floral abundance instead of an actual phenological shift; the opposite would be expected with decreasing floral abundance. One third (20/60) of the species in our study exhibited significant changes in peak floral abundance over the timeframe of our study (Table S1 ). However, in only six cases (first flowering in two species and last flowering in four species) did we detect evidence that advanced phenology could be an artifact of changes in peak floral abundance (Table S2 ). The great majority of species showing a significant shift in flowering phenology did so independently of a change in peak floral abundance.
A paucity of long-term abundance-based phenological datasets has led to the implicit or explicit assumption that a single phenological measure represents an entire population-level phenological response (Fig. 1B) (13) (14) (15) , but our results do not support this assumption. In this plant community, for every day that species-level first flowering advanced, the timing of peak flowering advanced by only 0.55 ± 0.09 d (R 2 = 0.42, F 1, 58 = 41.8, P < 0.0001). Furthermore, shifts in species-level first flowering failed to predict shifts in last flowering (R 2 = 0.05, F 1, 58 = 3.20, P = 0.079, slope = 0.40 ± 0.22 d). The ability of changes in first flowering to predict changes in peak and last flowering is nearly identical when phenological sensitivities to temperature or snowmelt are used in place of change through time (Table S3) . Our results for 60 plant species, combined with information on first vs. mean arrival dates of three migratory bird species (16) , are suggestive of a general pattern in which phenological firsts change at a faster rate than other measures of the same phenological event. Although additional abundance-based phenological studies will lend insight into the generality of our results, we can make recommendations for refining models of phenological change. Current predictive models based on phenological firsts are likely to exaggerate the magnitude of phenological change; to account for this potential source of bias, models should allow for a dampening of the response of the timing of peak abundance relative to phenological firsts. When modeling the end of life history events, variability in both the direction and magnitude of shifts in phenology should be incorporated.
Species-specific phenological shifts are widely hypothesized to affect patterns of temporal overlap among species, but the extent of such changes for entire communities has remained elusive (17) (18) (19) . We contend that the consequences of species-specific phenological change for interactions within trophic levels are generally underappreciated, especially in light of widespread concern about trophic mismatch (20) (21) (22) . Interactions within trophic levels are important because they can affect community structure and stability (23) (24) (25) as well as regulate the response of ecological communities to climate change (26) . In this study, 23.2% (725/3,119) of species' pairwise coflowering interactions changed significantly over the 39-y record (of 3,540 possible pairwise coflowering interactions, 3,119 were realized) (Fig. 3) . A total of 10.5% (329) of all plant species pairs increased in coflowering, and 12.7% (396) decreased (Fig. 3) . A change in coflowering represents altered interaction potential (27) , which can affect various ecological processes (19) . Increased coflowering between plant species can exacerbate direct interspecific competition for abiotic resources (28) and can affect plant reproductive success indirectly via competition for or facilitation of pollination (29, 30) . Because of its effect on plant reproduction, competition for pollination is thought to promote selection for sequential flowering (29, (31) (32) (33) . Therefore it is probable that the changes in coflowering patterns shown here differ from those that have been shaped over longer timescales by natural selection.
Although climate-induced changes in community composition have been attributed mainly to species loss and colonization in association with shifting geographic ranges (34, 35) , these coflowering shifts provide an example of an altered composition in the temporal community in the absence of species' extinction or colonization. No-analog communities are defined as those with no contemporary analog, formed through the dissolution of contemporary species assemblages and the formation of new ones via species-specific range shifts (36, 37) . Our results present a similar scenario over modern climate-change time scales in the temporal rather than the spatial dimension. Parallel to the way that species-specific range shifts can lead to novel patterns of Interacting species Fig. 3 . Community-level change in interaction potential over 39 y. Each cell represents the proportional change in interaction potential, or coflowering overlap, between species pairs over the 39-y study period . Coflowering was calculated annually as the total number of flowers of every species pair that overlap in time, divided by the total number of flowers of the focal species (see main text for an example). To represent change in coflowering visually for all species, we multiplied each rate of change by 39 y; thus, a proportional change of 0.25 indicates a 25% increase in overlap of a focal species with an interacting species over the course of our study period. Proportional changes in overlap values are binned (e.g., 0.25 = 0.01-0.25). Colored cells indicate significant changes in interaction potential through time (P ≤ 0.05), gray cells indicate no change, and white cells indicate cases in which species pairs did not coflower in any years of the study. Species are ordered by mean first flowering date (as in Fig. 2 ).
spatial co-occurrence, species-specific phenological shifts can lead to novel patterns of temporal co-occurrence (Fig. 3) .
Our abundance-based phenology record also allows us to describe change in aggregate community-level phenology (i.e., a seasonal flowering curve for the entire community; Fig. 4A) . Aggregate community-level responses are associated with the timing of snowmelt and air temperature, in directions consistent with climate change (Table S4) . First flowering at the community level has advanced by 25.0 d over the course of this 39-y study at a rate of 6.4 ± 2.1 d per decade (R 2 = 0.23, F 1,31 = 9.13, P = 0.005) (Fig. 4B) . The timing of the spring peak in floral abundance has advanced by 20.7 d, at a rate of 5.3 ± 1.7 d per decade, whereas the number of flowers composing this peak has remained constant (R 2 = 0.26, F 1,29 = 10.11, P = 0.0035 and R 2 = 0.02, F 1,29 = 0.70, P = 0.41, respectively) (Fig. 4B) . Similarly, the timing of summer peak floral abundance has advanced by 12.9 d, at a rate of 3.3 ± 1.6 d per decade, with no change in the number of flowers composing this peak (R 2 = 0.12, F 1,31 = 4.3, P = 0.047 and R 2 = 0.03, F 1,31 = 0.81, P = 0.38, respectively) (Fig. 4B) . In contrast, the date of community-level last flowering has delayed by 12.1 d at a rate of 3.1 ± 1.3 d per decade (R 2 = 0.13, F 1,35 = 5.37, P = 0.026) (Fig. 4B ). The length of the flowering season has expanded by 34.7 d, at a rate of 8.9 ± 1.9 d per decade (R 2 = 0.42, F 1,31 = 22.72, P < 0.0001) (Fig. 4C ), but total floral abundance across the season has remained constant (R 2 < 0.001, F 1,31 = 0.003, P = 0.96), indicating that the same number of flowers is spread across a longer growing season.
Species-level changes underlie the month-long expansion of the flowering season. Earlier-flowering species advanced their first and peak flowering more rapidly than later-flowering species, a trend not exhibited in last flowering (first: R 2 = 0.25, F 1, 58 = 19.42, P < 0.0001; peak: R 2 = 0.17, F 1, 58 = 11.97, P = 0.001; last: R 2 = 0.019, F 1, 58 = 1.16, P = 0.29). Although the advancing onset of spring plays a clear role in the expansion of growing seasons in plant communities, the role of end-of-season events is less clear: hypothetically, the end of the season could advance at a slower rate than onset, could not change, or could be delayed (38) . In our study, end-of-season flowering is delayed. The two species largely responsible for this delay of end-of-season flowering show significant delays in last flowering with either an advance or no change in first flowering (Figs.  1 C and D and 2) , again highlighting how phenological firsts can misrepresent overall phenological change. The flowering season is brief in this subalpine plant community (9), so a month-long expansion represents an approximately 30% increase. Redistribution of flowers across this expanded flowering season likely has repercussions for community structure, interactions within and among trophic levels, and ecosystem function (Figs. 3 and 4) (39-41) .
Here we show that the classification of species-specific phenological responses to climate change as advancing, delaying, or not changing is an oversimplification when such assessments are based solely on phenological firsts ( Figs. 1 and 2 ). Assuming that phenological firsts represent overall phenological change can lead to inaccurate assessments of the magnitude of change and the number of responsive species within an ecological community, with implications for forecasting phenological shifts under future climate scenarios. We demonstrate that first, peak, and last flowering rarely shift uniformly but instead tend to shift independently of one another, resulting in a wide range of phenological changes through time in individual species. This diversity of species-level shifts in phenology ultimately leads to altered patterns of coflowering (Fig. 3) , expansion of the flowering season, and communitylevel redistribution of floral abundance (Fig. 4) . Our results highlight both the importance of considering phenology more broadly than first observations and the substantial reshaping of ecological communities that can be attributed to climate-induced shifts in phenology.
Methods
Study Site and Dataset. This study was conducted at the Rocky Mountain Biological Laboratory (RMBL) in the Colorado Rocky Mountains, USA (38°57.5′ N, 106°59.3′W, 2,900 m above sea level). For each of the 121 flowering plant species that occur in our thirty 2 × 2 m plots, either the number of flowers per stalk or the number of flowering inflorescences (for species with many small flowers) were counted every other day throughout the growing season from 1974-2012. Copies of the flowering phenology dataset and metadata are archived at www.rmbl.org and in the Digital Repository at the University of Maryland (http://drum.lib.umd.edu/). We limited the analysis to species that were present in at least half of the years of the dataset (19 y), leaving a total of 60 species that represent the meadow plant communities in and around the RMBL (see ref. 10 for more information about plant species). There was no census in 1978 and 1990. Thus, there was a maximum of n = 37 y for each species, and a minimum of n = 19 y because not all species flower in every year. Five of the 30 plots were added in later years: two in 1985 and three in 1998. The addition of five plots should not alter estimates of phenological change, because the magnitude of phenological change generally is not affected by changes in peak floral abundance (Table  S2) . Furthermore, we find no relationship between changes in peak floral abundance and shifts in the timing of peak flowering for the 60 species studied here (r = 0.038, n = 60 species). These five plots were excluded from analyses that used floral abundance: species-level change in peak floral abundance, coflowering patterns, and aggregate community-level responses. Records for the annual timing of snowmelt come from a permanent 5 × 5 m snow plot at the RMBL in which the first day of bare ground is recorded as the date of snowmelt. Mean temperatures used in analyses are the average of the daily minimum and maximum temperatures at the Crested Butte National Oceanic and Atmosphere Administration weather station (ca. 9 km south of the RMBL). distribution per species. First flowering was the first day on which a flower for that species was observed, and last flowering was the last day on which a flower was observed, taken from the across-plot sum. Peak flowering for individual species was the day on which 50% of the flowers were counted (following refs. 9 and 10). Peak floral abundance was the maximum number of flowers counted annually in one census. Years in which the census started late (1976, 1982, 1985, 1992, and 1994) were excluded from analysis when the response variable of interest was affected (first flowering and occasionally peak flowering for the earliest-flowering species). Linear regression was used to analyze change through time, with phenology or peak floral abundance as a response and year as a continuous predictor. We tested for temporal autocorrelation in the time series of species showing significant phenological change through time, using the Ljung-Box test with a lag time of 1 y. We found evidence of significant temporal autocorrelation in only three cases (Table S5) . We reanalyzed these three cases with an autoregressive linear model, which allows the error structure to be correlated. The rates of change in these models were very similar to the rates of change in our simple linear regression analysis, and change through time was still significant in all three cases (Table S6 ). We therefore conclude that temporal autocorrelation in this dataset does not bias our results.
To determine whether phenological shifts could have been an artifact of changes in peak floral abundance (14), we ran correlation analyses for species showing significant shifts in both phenology and peak floral abundance (defined as the maximum number of flowers counted annually in a census for individual species). We looked for increasing peak floral abundance in correlation with earlier first flowering and later last flowering; we also looked for decreasing peak floral abundance in correlation with later first flowering and earlier last flowering. These relationships indicate the possibility of detecting what appears to be a phenological shift that actually is caused by a change in flower abundance (14) . We assume that changes in peak floral abundance are indicative of changes in floral abundance because we do not track individual flowers through time. There is no mathematical reason to expect a change in peak abundance to alter the probability of detecting for shifts in the timing of peak flowering.
A thorough analysis of associations of temperature and snowmelt with first, peak, and last flowering has been presented elsewhere; interannual variation in temperature and the timing of snowmelt independently account for a significant amount of variation in first, peak, and last flowering in 93-98% of the species in this study, depending on the flowering response (10) . To ensure that our conclusions about phenological predictions based on change through time are not affected by using sensitivities to climate variables in place of year, we used linear regression to assess how well sensitivity of first flowering to climate predicts sensitivity of peak and last flowering to climate (Table S3 ).
Interaction Potential. For each year, coflowering was calculated as the number of flowers of every pair of species that overlap in time, weighted by the total number of flowers of the focal species. For each pair of species, the minimum number of open flowers of the two species was summed on each census day, representing the total number of flowers for the two species that were open at the same time. We then weighted this minimum value by the total number of flowers for each species in each year, so that coflowering values represent overlap relative to each species' annual floral abundance. For example, the total number of Claytonia lanceolata and Mertensia fusiformis flowers that overlapped through time in 2012 was 633. A total of 3,909 C. lanceolata flowers were counted across all plots in this season, compared with 1,287 flowers of M. fusiformis. C. lanceolata's flowering overlap score with M. fusiformis was 633/3,909 (0.162), and M. fusiformis' overlap with C. lanceolata was 633/1,287 (0.492). These calculations resulted in 3,540 potential overlap scores for each year (a matrix of 60 species by 60 species, minus the diagonal of same-species interactions). Linear regression was run for each pair of species to examine the amount of change in coflowering overlap through time. We conducted a permutation test of 5,000 runs to obtain P values for each regression. Because we already have shown that species-specific phenological shifts are strongly associated with climate (10), we did not analyze the response of coflowering to climate.
Aggregate Community-Level Phenology. Floral abundance was summed across all species and plots on each census day for each year to create an annual community-level phenology curve. Linear regression was used to assess changes in community phenology (first day of flowering, day of spring peak flowering, day of summer peak flowering, last day of flowering, and flowering duration) and community-level floral abundance (spring and summer maximum number of flowers, total number of flowers counted, and average number of flowers counted per census) through time. The onset of the flowering period was missed in 12 y because the census started after flowering had already begun in some of the earliest-flowering plots. In five of these years (1974, 1992 , and 1994), peak abundance of the first species to flower and an important component of spring peak flowering, C. lanceolata was missed also. These 5 y were excluded from analysis of flowering season length, timing and abundance of spring peak, and start of the flowering season (similar to species-level analyses). For the remaining 7 y (1979, 1982-1983, 1985-1986, 1991 , and 1993), we estimated the start of the flowering season based on the slope of a line of flower accumulation from years with known start dates and similar floral abundance. We applied the same procedure to estimate the end of the flowering season for 5 y in which the end of the flowering season was missed (1976-1977, 1984, and 1992-1993) . We used ANCOVAs to verify that these estimations did not bias our results by comparing the slopes of regressions using estimated vs. missing values (Table S7) .
Two community-level peaks in floral abundance were clearly evident in almost every year, with the exception of 4 y that were excluded from analysis (1985, 1987, 1994, and 2012) (Fig. 4A) (7) . Additionally, in 5 y (1989, 2002 , and 2007) there was some evidence of a third peak in floral abundance between the spring and summer peaks. We determined the summer peak in these years based on the species that typically compose the summer peak of floral abundance. There was virtually no turnover in species present in the first and last 10 y of the dataset (Fig. 4A) , although Pedicularis bracteosa was absent in the last 10 y of the dataset. Because this species is relatively rare in this community, we do not expect its absence to affect the community-level patterns shown in Fig. 4A .
